Decoherence is the process via which quantum superpositions states are reduced to classical mixtures. Decoherence has been predicted for relativistically accelerated quantum systems, however examples to date have involved restricting the detected field modes to particular regions of spacetime. If the global state over all space-time is measured then unitarity returns and the decoherence is removed. Here we study a decoherence effect associated with accelerated systems that cannot be explained in this way. In particular we study a uniformly accelerated source of a quantum field state -a single-mode squeezer. Even though the initial state of the field is vacuum (a pure state) and the interaction with the quantum source in the accelerated frame is unitary, we find that the final state detected by inertial observers is decohered, i.e. in a mixed state. This unexpected result may indicate new directions in resolving inconsistencies between relativity and quantum theory. We extend this result to a two-mode state and find entanglement is also decohered.
the proper time of the inertial reference frame under consideration (note we are using units for which c = 1). The excitation probability of an ideal, inertial, 2-level system of resonant frequency Ω, coupled weakly to the field, is proportional to N k [16] . We can model a finite bandwidth detector via the operatorN ∆k = ko+∆k ko−∆k dkâ † kâ k . If the bandwidth of the detector is much larger than that of the mode under consideration then we can extend the limits of integration to ±∞ and so defineN = dkâ † kâ k . Note that by definition 0|N |0 = 0 for the Minkowski vacuum state, |0 .
In order to characterize the state of a particular field mode we use homodyne tomography [17] . In homodyne tomography, the Wigner function [16] of the state is reconstructed from measurements of the moments of quadrature amplitudes via homodyne detection. For Gaussian states it is sufficient to measure and analyse only the first and second order moments [18] . In homodyne detection [19] , a weak signal field and a strong local oscillator are coherently combined and measured with broad-band detection as discussed above. For simplicity and to stay within the 1+1, scalar field paradigm, we specifically use self-homodyne detection here. In self-homodyne detection, the signal field is displaced by a strong local oscillator directly, and the output field is detected. Assume that the signal field mode operator isâ = dkf (k)â k and the local oscillator is a strong coherent state |α , prepared in the same field mode (characterized by f (k)) with α a complex number, α = |α|e iφ , and |α| 1. The photon number operator can be shown to beN (φ) ≈ |α| 2 + |α|X(φ)
whereX(φ) =âe −iφ +â † e iφ is the quadrature amplitude of the signal field and a term not multiplied by |α| has been neglected as small. As a reference we can also consider the operator
representing the situation where the signal is not imposed and sov represents the mode when it is prepared in the vacuum state. Hence the average quadrature amplitude of the field is given by
where we have used X v = 0. Its variance is given by
For the Gaussian states considered here this will be sufficient to completely characterize them. We wish to apply this technique to the output state from the interactions between a uniformly accelerated object and the scalar field.
In order to match the mode shape of the local oscillator to that of the output signal field, we assume that the local oscillator is also imposed in the accelerated frame in a matching mode to the signal.
Interaction with the accelerated source
Interactions between uniformly accelerated objects (Unruh-DeWitt detectors, mirrors etc.) and quantum fields have been studied for many years [20] [21] [22] [23] . Recently, a non-perturbative quantum circuit model was proposed to investigate these interactions and calculate radiation from a uniformly accelerated object [24] . Here we generalize the circuit model to include time dependent interactions. The relevant circuit is shown in Fig. 2 . The circuit models the interaction as a Heisenberg evolution of Unruh mode operators [1] ,
R ω , then back to Unruh operators. The Rindler operators represent the natural modes that uniformly accelerated systems interact with. The frequency, ω, is with respect to the proper time of the accelerated observer. The Unruh operators are a useful mathematical stepping stone between the accelerated and inertial reference frames. The Minkowski modes,â k , that represent our inertial detection scheme are then constructed from the output Unruh modes -this final step is not represented by a circuit. 
. Taking into account the relation between Unruh modes and Rinder modes [24] , which is basically a two-mode squeezing, we obtain the input-output relations for Unruh modes,
where the two-mode squeezing factor r ω is defined as tanh r ω = e −πω/a . In equation (6) the operatorb R g can be explicitly expressed in terms of the input Unruh modesĉ ω andd ω . In the following we will useÛ g =D g (α)Ŝ g , wherê S g creates the quantum signal we wish to analyse, whilstD g (α) = exp αb R † g − α * bR g produces the local oscillator needed for the self-homodyne detection (Fig. 3) . It is easy to show thatD † gb R gDg =b R g + α [19] . Finally we require the input-output relations for Minkowski modes. The transformation from Unruh modes to Minkowski modes is [24] 
where the Bogoliubov transformation coefficients are [25] The total Minkowski particle number operator is obtained by using equation (7),
where we have used dkA kω A * kω = δ(ω −ω ) and dkA kω A kω = 0. The square of the total particle number operator isN
A full computation of the vacuum expectation value ofN 2 is straightforward but usually tedious. However, when the amplitude of displacement is large (|α| 1), it is adequate to only keep terms of order |α| 4 and |α| 2 as per the approximation leading to equations (3) and (4).
Classical Signals
We first consider preparing a classical signal on the accelerated mode. In particular, we generate a classical signal by displacing the Rindler modeb R g with an amplitude β. This produces a coherent state, the "most classical" quantum state. The operator that creates this signal isŜ g =D g (β), with |β| |α|. The expectation value and variance of the quadrature amplitudes as observed by the inertial detectors are
where I c = dω|g(ω)| 2 cosh 2 r ω and I s = dω|g(ω)| 2 sinh 2 r ω . Equation (11) characterises a pure coherent state. Therefore, displacing a Rindler mode generates a coherent state with amplitude ( √ I c + I s )β as viewed by an inertial observer. As expected the overall evolution is from a pure state to a pure state.
Quantum Signals
A more interesting scenario is that a uniformly accelerated single-mode squeezer squeezes the thermal state in the right Rindler wedge. The single-mode squeezing operatorŜ 1 (r) is defined as [19] 
where r is the squeezing factor and is assumed to be real. The operator that creates quantum signals isŜ g =Ŝ 1 (r) so that the unitaryÛ g =D g (α)Ŝ 1 (r). By substituting this unitary into equation (6) one can derive the input-output relations for Unruh modes, which are then substituted into equations (9) and (10) to calculate the vacuum expectation value of the Minkowski particle number and the square of the particle number (see Appendix for details). We find that the expectation value of the quadrature amplitude is zero, and the variance is
. (13) The maximum and minimum variances are obtained when φ = 0 and φ = π/2, respectively.
It is evident from equations (13) and (14) that noises are added onto the variance of the original single-mode squeezed state. The amount of additional noises depends on the squeezing factor r and I c . A question of particular interest is whether the final state is a pure state. For Gaussian states, the criterion for purity is that the product of maximum and minimum variances is unity [19] . From equation (14) we find the product of the maximum and minimum variances is
We can see that the product is always greater than one unless r = 0 or I c = 1. This is our main result. Unexpectedly, the inertial observer sees a decoherence effect that in general takes the initial pure state to a mixed state. The case of r = 0 means the accelerated object does nothing so that the output state is the Minkowski vacuum. I c can be approximated as I c ≈ e 2πω0/a /(e 2πω0/a − 1) when g(ω) is a very narrow bandwidth wave packet with central frequency ω 0 . When 2πω 0 /a → ∞, I c → 1 so that V min → e −2r and V max → e 2r . This corresponds to a single-mode squeezed vacuum state, which is pure. The above limit could happen in two cases. The first is that the central frequency ω 0 is fixed while a → 0. This means the single-mode squeezer tends to be static in an inertial frame. It thus produces the standard single-mode squeezed vacuum state. The second case is that a is fixed and finite, while ω 0 → ∞. It is well known that a uniformly accelerated observer experiences a thermal radiation with temperature T U = a 2π in the Minkowski vacuum [1] . The spectral distribution of the thermal radiation follows the Plank's law, which exponentially decays in the high frequency limit. Or equivalently, the high frequency tail of a thermal state looks almost like a vacuum. Therefore the single-mode squeezer that squeezes the high frequency tail of the Unruh radiation produces a squeezed vacuum state. Overall, when the Unruh effect is not significant, a uniformly accelerated single-mode squeezer produces the standard single-mode squeezed vacuum state. Otherwise, the product of the maximum and minimum variances is greater than one, indicating that the output state is mixed. As the Unruh effect in the Rindler frame becomes more pronounced, the decoherence in the Minkowski frame becomes stronger. Eventually squeezing disappears and the final state becomes classical in the sense that coherent state superpositions are removed and the state becomes decomposable into a mixture of coherent states. Fig. 4 shows an example of the phase space representation of the quadrature amplitude. In the narrow bandwidth limit, we use the approximate relation between I c and ω 0 to find the distribution of minimum quadrature variance in terms of r and ω 0 , as shown in Fig. 5 . A critical curve, which is determined by 2πω 0 a = ln 1 + coth(r/2) + 1
separates the squeezing region and no squeezing region. When r → ∞, 2πω 0 /a → 2 ln( √ 2 + 1) ≈ 1.763. Below this value, one can always make the output state classical by increasing the single-mode squeezing factor r. 
Entanglement results
We generalize the above calculation to a uniformly accelerated two-mode squeezer in the right Rindler wedge that couples the left-moving and right-moving Rindler modes. The two-mode squeezing operator is defined as [16] 
where the subscripts "1" and "2" represent the left-moving and right-moving moving modes, respectively. Here r is the squeezing factor and is assumed to be real. The output field includes the left-moving and right-moving parts. To have full information about the output state, one needs to measure the states of the left-moving and right-moving modes, as well as the correlations between them. We add two displacements, with amplitudes α 1 = |α 1 |e iφ1 and α 2 = |α 2 |e iφ2 , after the two-mode squeezer in order to perform homodyne detection, the former for the left-moving mode and the latter for the right-moving mode. We find that the expectation values of the quadrature amplitudesX 1 (φ 1 ) andX 2 (φ 2 ) are zero. The covariance matrix [18] of the output state is
where
From the covariance matrix (18) , one can derive the logarithmic negativity as [18] 
whereν − is the smallest symplectic eigenvalue of the partially transposed state,
Whenν − < 1 (E N > 0), there exists entanglement between the left-moving and right-moving modes; whenν − ≥ 1 (E N = 0), the left-moving and right-moving modes are not entangled. When I c = 1 the covariance matrix (equation 18) is that of a pure two-mode squeezed state and the entanglement (equation 21) is maximised. However, when I c > 1 the covariance matrix becomes decohered (mixed) and the entanglement drops, eventually disappearing. Fig.  6 shows the logarithmic negativity as a function of the squeezing factor r and the central frequency ω 0 in the narrow bandwidth limit. The critical curveν − = 1, dividing the entanglement and no entanglement regions, is determined by equation (16) .
Entanglement
N o E n t a n g l e m e n t 
Conclusion
The decoherence effect we describe here is a previously unnoticed consequence of the transformation from the bipartite Hilbert space of the Rindler and Unruh modes, to the single Hilbert space of the Minkowski modes. Notice that in equation (9) any direct phase relationship between the left and right Unruh modes is lost in the construction of the Minkowski number operator. This means that interactions which lead to entanglement between the left and right Unruh modes, as occurs with the accelerated squeezer and the entangler, will in general appear as decoherence with respect to measurements by inertial observers. In contrast, coherent state signals do not produce Unruh mode entanglement and so no decoherence is observed for such signals.
We have shown that single and two-mode mode unitary squeezing operations in an accelerated frame are in general detected as decohered states by inertial observers. As we noted in the introduction, the standard Unruh effect can be purified if a mirror image accelerated observer is introduced. Here we find that a mirror image accelerated source is required to purify the state detected by the inertial observer. In particular, for the narrow band case, only if the mirror image source displaces the state by γ = 2
* , in phase with the original accelerated source, then the inertial detectors will see pure states in both the squeezer and entangler cases. Details of this calculation are given in the appendix.
We believe the decoherence effect has significance for understanding quantum effects in gravitational systems. For example, our system can be viewed as a toy model for the creation and eventual evaporation of a black-hole. We begin in the far past in a pure Minkowski vacuum state, before the formation of the black-hole. In the intermediate epoch accelerated observers, representing observers close to the black-hole, interact with the field modes. Finally in the far-future the black-hole has evaporated leaving flat space, however the field is left in a mixed state with respect to inertial observers. This may indicate a new direction for understanding the black-hole information paradox.
The accelerations required to generate this decoherence effect are well beyond those that can be physically produced in the lab. However, such accelerations do occur naturally in many regions of the universe. In addition the equivalence between acceleration and time dependent effects [27] may enable laboratory tests, especially at micro-wave frequencies [28] . We also note that simulation of these effects using optical squeezing is possible with current technology and would allow an experimental investigation of analogues to the decoherence effect described here that may be of interest The localized Rindler operatorb R g can be expressed in terms of the input Unruh operators by using the transformations between the Rindler and Unruh modes. Equation (22) becomeŝ
It is now straightforward to calculate the vacuum expectation values of the product of two output Unruh operators.
Other vacuum expectation values are either zero or complex conjugates of the above ones. From equations (9) and (10), the vacuum expectation value of the total Minkowski particle number is
and the variance of total Minkowski particle number is
where φ is the displacement phase. In the homodyne detection, normalizing the variance of the particle number using the strength of the local oscillator gives the variance of the quadrature amplitude [19] . Here the strength of the local oscillator is ∼ |α| 2 (I c + I s ), so the variance of quadrature amplitude is For a massless scalar field, the left-moving and right-moving Rindler modes are decoupled. We consider a uniformly accelerated two-mode squeezer in the right Rindler wedge that couples the left-moving and right-moving Rindler modes. Entanglement between the left-moving and right-moving Rindler modes might be created by the accelerated two-mode squeezer. One question of particular interest is, given that entanglement has been created as viewed by uniformly accelerated observers, whether entanglement between left-moving and right-moving fields exists as observed by inertial observers.
The unitary characterizing the uniformly accelerated two-mode squeezer is given by equation (17) . Similar to the case of the uniformly accelerated single-mode squeezer, two uniformly accelerated displacements,D 1 (α 1 ) andD 2 (α 2 ), are introduced to realize the homodyne detection, where α 1 = |α 1 |e iφ1 and α 2 = |α 2 |e iφ2 . The relevant circuit is shown in Fig. 7 . The two local oscillators are used to detect the left-moving and right-moving fields, as well as the correlations between them. In this appendix, we are going to derive the covariance matrix for the output state of the uniformly accelerated two-mode squeezer. The input-output relations for the circuit Fig. 7 can be derived straightforwardly. By further using the relations between the Rindler operators and Unruh operators [24] , we can derive the input-output relations for the Unruh operators.ĉ
It is then straightforward to calculate the vacuum expectation values of the products of two output Unruh operators.
For the left-moving operators, we have
For the right-moving operators, we have
For the products of the left-moving and right-moving operators, we have 0|ĉ † 1ωĉ 2ω |0 = α * 1 α 2 g(ω)g * (ω ) cosh r ω cosh r ω , 0|d † 1ωd 2ω |0 = α 1 α * 2 g * (ω)g(ω ) sinh r ω sinh r ω , 0|ĉ 1ωĉ 2ω |0 = g * (ω)g * (ω ) cosh r ω cosh r ω (E cc + α 1 α 2 ), 0|d 1ωd 2ω |0 = g(ω)g(ω ) sinh r ω sinh r ω (E dd + α * 1 α * 2 ), 0|ĉ 1ωd 2ω |0 = −α 1 α * 2 g * (ω)g(ω ) cosh r ω sinh r ω , 0|d 1ωĉ 2ω |0 = −α * 1 α 2 g(ω)g * (ω ) sinh r ω cosh r ω , 0|ĉ † 1ωd 2ω |0 = g(ω)g(ω ) cosh r ω sinh r ω (Ē cd − α * 1 α * 2 ). 0|d † 1ωĉ 2ω |0 = g * (ω)g * (ω ) sinh r ω cosh r ω (Ē cd − α 1 α 2 ).
The vacuum expectation values of the left-moving and right-moving Minkowski particle number are 
We are also interested in the case where φ 1 = φ 1 + π/2.
0|X 1 (φ 1 )X 1 (φ 1 + π/2)|0 = 0|N 1 (φ 1 )N 1 (φ 1 + π/2)|0 − 0|N 1 (φ 1 )|0 0|N 1 (φ 1 + π/2)|0 0|N 10 (φ 1 )|0 0|N 10 (φ 1 + π/2)|0
According to the symmetry between the left-moving and right-moving modes, similar results can be obtained: 
and 0|X 2 (φ 2 )X 2 (φ 2 + π/2)|0 = i I c + I s .
